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M.R. Mesnard & C.J. Holden 
Aerospace Systems Consultants 
Communications Technology Satellite Project 
Ottawa, Canada
ABSTRACT
In future, the mission demands on unmanned space­ 
craft, (whether they be Earth orbiters or deep space 
probes) , will be so great and so complex as to pre­ 
clude their being small enough to be launched from 
Earth by chemical rocket. Such spacecraft can be 
assembled in Earth orbit by suited astronauts, 
using pre-fabricated modules specifically designed 
for such orbital assembly. These modules could be 
standardized, so that any number of spacecraft and 
mission requirements could be accommodated without 
extensive need for specialized hardware.
INTRODUCTION
Before the end of this century, the mission require­ 
ments of unmanned spacecraft described in this 
paper will result in spacecraft much too large to 
be launched in the conventional fashion as a single 
entity. One viable alternative is to design space­ 
craft that can be assembled in orbit. Modular con­ 
struction, with standard modules that can be easily 
handled in zero-G by suited astronauts, are 'snapped 1 
together to make all mechanical, electrical, gas and 
liquid connections. Few hand tools would be re­ 
quired. Approaches to standardization, impossible 
to Earth surface launched designs, are implemented 
to effectively reduce costs.1 Discrete modules, de­ 
livered by the Shuttle, are assembled by astronauts 
working from an orbiting workshop.
To date, all unmanned spacecraft have had to be 
launched inside an aerodynamic fairing on board a 
chemically powered rocket initiated from the sur­ 
face of the Earth. This fact has constrained the 
spacecraft system designer to produce a spacecraft 
design within very tight weight budgets, capable of 
withstanding the high dynamic forces induced by the 
launch vehicle, and to be extremely limited as to 
the size of various extremities. These extremities, 
(which are generally solar arrays, antennas, booms 
for science instrument isolation, etc.), often re­ 
quire an unfolding deployment after the fairing has 
been jettisonned. Such deployment affects mission 
reliability, (because of the complexity of the de­ 
ployment mechanisms required), compounds the weight, 
power and thermal problems, and could affect space­ 
craft stability, which must be taken in to account 
during mission sequencing planning. Assembly in or­ 
bit allows the construction of such extremities to 
assume any size required to meet mission objectives, 
and they can be assembled in place.
Although some new constraints are placed on the 
spacecraft system designer in designing a space­
craft for assembly in orbit, these problems are 
overshadowed by the elimination of many of the most 
difficult constraints encountered in designs for 
surface launch. In addition, this new approach 
affords the opportunity of expanding the state-of- 
the-art of assembly in orbit by suited astronauts 
toward the day when it will be an absolute necess­ 
ity for manned expeditions beyond the Moon. Such 
expeditions will require such large amounts of sur­ 
vival logistics as to make them impossible, (or at 
least impractical), for launch from the Earth's 
surface. Further, assembly in orbit adds impetus 
to the raison d'etre for the presently planned 
Shuttle, Space Tug, and future manned orbiting 
workshop/laboratory programmes.
ADVANTAGES AND CAPABILITIES OF ORBIT ASSEMBLY
Advent of the Space Shuttle has generated many 
ideas which represent it as a platform from which 
to repair and maintain surfaced launched space­ 
craft; or as a vehicle for delivering whole space­ 
craft to Earth orbit, previously assembled and 
tested on the surface. The concept of assembling 
large sections of a spacecraft in orbit has also 
been discussed. But detailed assembly in orbit of 
1 standard 1 modules, small enough to be handled by 
a single astronaut, is an approach worthy of furth­ 
er elaboration. The advantages of such an approach 
are:
a) Allows the spaceframe and its associated 
appendages to be as large as necessary to accomp­ 
lish a given mission by merely assembling the re­ 
quired modules to each other until the entire sub- 
assembly/spacecraft has been built up;
b) Allows each module to be checked after in­ 
stallation before proceeding with further assembly;
if,
c) Allows replacement/repair of any module 
for any reason it becomes damaged, and-
d) Allows delivery by the Shuttle of relat­ 
ively small component modules, isolated from Shut­ 
tle launch environment in a way precluded by a com­ 
pletely (or partly) built-up spacecraft.
The system design of the Assembled- In-Orbit (AIO) 
spacecraft can be specifically executed to assure 
maximum safety to the astronauts during and after 
assembly.
From the outset, the assumption is made that the 
assembly of unmanned spacecraft in Earth orbit can
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be accomplished within the present state-of-the-art 
in every regime of technology, and that no techno­ 
logical "break-throughs 1 are required. References 
made to gas and liquid quick-connect/disconnects, 
electrical snap-ins and mechanical attachments that 
occur later in this paper are already within the 
present state-of-the-art, Skylab astronauts have 
successfully performed unscheduled extra-vehicular 
repairs on their damaged spacecraft and conducted 
manufacturing experiments in zero-G. Their results 
show that the concept is entirely feasible. In an 
interview with the press, Mr. Jack Waite, Chief of 
Skylab experiments, is quoted as having said, "We 
have learned there is no problem in welding in zero 
G. Brazing or joining of tubing was accomplished 
even better in weightlessness than it was done on 
Earth. If we want to build large structures in 
space, we foresee no problem". 2
SYSTEM DESIGN OF THE AIQ SPACECRAFT
A basic philosophy incorporated in the AIO space­ 
craft system design is that there are no design 
compromises beyond those that are absolutely necess­ 
ary for suited astronauts to assemble the spacecraft 
in orbital environment. That is, it is possible 
for suited astronauts to assemble the spacecraft, 
but it is not made especially easy for them. This 
approach accomplishes two things, namely: (1) prev­ 
ents overcompromising the spacecraft system design 
to efficiently execute its mission, and (2) aids in 
promoting the state-of-the-art of manned orbital 
assembly. The few exceptions to this philosophy, 
as contained herein, pertain solely to the physical 
safety of the astronauts.
Of course, the above philosophy implies that suffi­ 
cient time must be allowed for assembly, (possibly 
as much as a year), ahead of the actual launch per­ 
iod required for a particular mission. The overall 
system design takes advantage of the lack of any 
constraint, (relatively speaking), on size and 
weight of the finished product. Thus, the space­ 
craft may be as large and as heavy as necessary to 
perform its selected mission. Items requiring huge 
areas, (such as planar or parabolic antennas, solar 
cell power arrays, thermal radiators, etc.), would 
be constructed in situ of a number of 'building 
block* modules. These would be designed to attach 
sequencially until the structure was complete. The 
entire design consists of such modules, of a size 
that can be easily handled and conveyed to the ass­ 
embly site by a single astronaut. Because weight 
is no longer a limiting factor, spacecraft masses 
of 100,000 to a million pounds can be envisaged be­ 
fore the end of the century.
One of the problems that comes to mind with a f plug 
in" design Is that of controlling and measuring any 
required critical alignments. Therefore, the design 
eliminates the need for critical alignments where- 
ever possible. (Some such schemes are presented 
later in this paper). Where a critical alignment 
is necessary, it Is solved using weight and/or pow­ 
er such that after assembly, the component can be 
'homed' to the proper alignment in a servomechanism 
fashion, and 'locked 1 in place.
Electrical and electronic subsystems are composed 
of extremely reliable component parts and radiation 
shielded. Sp.lf diagnosing circuitry and sufficient 
redundancy are built in to assure operation over 
the years, (even decades), that might be required 
for the mission. Weight is used to assure that all 
circuitry receives adequate thermal environment, 
and allows for low resistance and redundant inter­ 
connections. Electric/electronic assembly modules 
are checked out individually after assembly to the 
spacecraft, so that any malfunction due to assembly 
can be located and corrected prior to proceeding 
further.
Spacecraft propulsion required for trajectory in­ 
jection, midcourse correction, orbit adjustment, 
etc. can be integrated with the reaction control 
subsystem. Its design incorporates extreme man- 
rated safety factors and it, too, is modularized 
for safety and ease in assembly. Fuel storage is 
so modularized that any amount of fuel can be accom- 
odated merely by plugging in additional storage 
tanks to a command manifold until the required 
amount of fuel is loaded.
The foregoing paragraphs illustrate a few of the 
many advantages and the added capability resulting 
from the assembly of an unmanned spacecraft in 
Earth orbit. The following describes in greater 
detail each of the technical regimes of the AIO 
spacecraft.
STRUCTURAL DESIGN OF THE AIQ SPACECRAFT
With the Assembled-In-Orblt (AIO) approach, it is 
no longer necessary to provide a 'structure 1 around 
which the rest of the spacecraft is built. The 
'structure 1 of the AIO spacecraft is actually the 
structural integrity provided by the composite phy­ 
sical characteristics of the various assemblies and 
modules used In the spacecraft. Only limited ass­ 
embly hardware is required, in that each module or 
assembly attaches to the next with snap-on mechani­ 
cal attachments. These are self-homing and provide 
positive closing, but with a design feature that 
will allow dis-engagement, if necessary. This all­ 
ows for the removal and maintenance of any module 
damaged by the assembly process. Whole assemblies 
can be disengaged to allow access to an internal 
module requiring attention. These larger assem­ 
blies can be firmly tied to the workshop in a man­ 
ner similar to that used to tie down the entire AIO 
spacecraft to the workshop. This obviates disass­ 
embly of previously assembled modules to gain ac­ 
cess to the one requiring attention.
The assembly process in orbit is eased and the nec­ 
essity for hand tools is minimized by eliminating 
mounting hardware. Those that are required would 
be battery powered and counter balanced to prevent 
rotary torque from disturbing the astronaut's zero 
G attitude.
The basic system design of the AIO spacecraft cont­ 
rols the center-of-mass and moments-of-inertia, to 
the extent required by the attitude control and re­ 
action control subsystems.
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Science instruments, or other devices requiring re­ 
mote locations on booms to be free of disturbance 
from the main body of the spacecraft or to meet un­ 
restricted view angle requirements, could easily be 
mounted on booms of any length by adding on boom 
sections until the proper length is achieved. An­ 
other approach might be to use deployable bi-stems, 
which are erected with a rotary power tool operated 
by an astronaut.
Mechanisms, as used on previous unmanned spacecraft, 
are minimized on the AIO spacecraft. This is due 
mainly to the lack of a requirement to deploy arrays, 
booms, etc. However, as space assembly may dictate 
that items requiring very accurate alignment be 
equipped with an alignment mechanism, controlled by 
an externally powered source, such mechanisms will 
have to be included as part of the spacecraft's de­ 
sign. These would be used to properly align sensors, 
antennas, science instruments, etc.
PROPULSION AND REACTION CONTROL OF THE AIO
All versions of the AIO spacecraft, whether for 
near Earth or extra-Solar probe applications, will 
require some form of propulsive force for orbit in­ 
sertion/trim, station-keeping, trajectory correction 
or injection into a trajectory. A single propulsion 
design should be able to handle all propulsive re­ 
quirements, be easily adaptable to assembly in orbit, 
provide maximum safety to the astronauts, and have 
sufficient flexibility to be applicable to all poss­ 
ible AIO missions.
The following systems were considered:
a) Solid Propellants - Although solids have the 
attraction of simple installation, they cannot be 
easily designed for many re-lights and cut-off on 
command. Grain temperature is a sensitive paramet­ 
er and thermal control for solids is more compli­ 
cated than for other systems. Thus, they do not 
lend themselves to long term space environment stor­ 
age. Also solids, by their very nature, are not as 
safe for assembly by astronauts as liquid systems 
can be made to be. Hence,v solids are considered to 
be a poor choice for this application.
b) Electric Propulsion - Ion engines have come a 
long way and will undoubtedly have come even furth­ 
er by the time the AIO spacecraft has become a re­ 
ality. However, the primary propulsion system for 
the AIO spacecraft will require more 'muscle 1 than 
can be provided by electric propulsion. (Note: a 
large bank of ion engines might be used for extra- 
Solar applications to reduce time-of-flight to very 
distant targets. Powered by RTGs, they could be 
used for acceleration to very high velocities dur­ 
ing the 'quiescent 1 portion of the mission. They 
could then be used to decelerate to a usable velo­ 
city near the target, thus reducing the overall 
flight time by many months or even years).
c) Bipropellant Liquid - Although very attractive 
from a performance standpoint, bipropellants re­ 
quire double the gas/liquid connections and tankage, 
thus complicating assembly, safety and check-out in 
orbit.
d) Monopropellants - The greatest disadvantage of 
monopropellant systems is their high weight-to-per­ 
formance ratio. This type is chosen for the AIO 
primary propulsion system, in that weight is no 
longer a limiting factor. Also, monopropellant sys­ 
tems are easy to modularize and represent a high de­ 
gree of safety to the astronauts. The monopropell­ 
ant approach fortunately presents other attractive 
design features of particular interest to the AIO.
The monopropellant system usas the hydrazine/cata­ 
lyst method of developing its thrust. The maximum 
thrust level of the engine is chosen sufficiently 
small to keep the G-forces down to a very small 
value, in that the completed AIO spacecraft will be 
quite large and somewhat ungainly and not designed 
for accelerations much greater than 0.05 to 0.1 Gs. 
Thus, a catalyst must be chosen which is capable 
of long and continuous burns, perhaps for several 
hours, or even days. Easily modularized, the sys­ 
tem breaks down into: (1) the modularized pressure 
tanking and pressure line manifolds, (2) the modul­ 
arized fuel tanking and fuel line manifolds, and 
(3) the monopropellant engine module. Active press- 
urization of the fuel system, (vs. a 'blow down 1 
pressurization system), has been chosen for uniform 
performance over the long time period that some 
missions may require. A continuous source of press­ 
urization gas is derived from a 'warm gas 1 genera­ 
tor, which is also used as a source of pressurant 
for the reaction control system. The 'warm gas' is 
generated by passing hydrazine over a catalyst bed, 
and then stored in an accumulator until needed. The 
warm gas may have to be passed through a thermal 
radiator before it is stored in the accumulator. 
Pressure switches can be used to turn the generator 
on and off as the pressure is depleted and replen­ 
ished. The reaction control jets are also of a 
monopropellant design, sized sufficiently to give 
adequate attitude control to the size of spacecraft 
for the particular mission. Thus, several differ­ 
ent 'standard' sized jets could be adapted for any 
particular system design of the AIO.
All gas and liquid lines are connected by a simpli­ 
fied, but positive 'quick disconnect/connect 1 de­ 
vices. The fuel tanks, which have been filled, but 
not pressurized before leaving the Earth's surface, 
are designed to be safely handled by suited astro­ 
nauts; it is this requirement which dictates the 
size/mass of the individual tanks and, therefore, 
the number of tanks that will be required for any 
particular mission.
Assembly begins with the installation of a single 
module incorporating the gas pressure accumulators, 
gas manifold lines, outlet plumbing to fuel press-r 
urization lines, and all necessary electrical conn­ 
ections.
Next, the fuel assembly is installed. This assem­ 
bly contains all the necessary 'quick connects 1 for
the pressurization lines, the fuel tanks and the 
engine, itself. This assembly snaps onto and hooks
up the connects from the gas pressurization mani­ 
fold assembly previously installed. At this junc­ 
ture, the required number of fuel tanks are in­ 
stalled by snapping them into their 'quick connect* 
fittings in the fuel/ gas manifold assembly, which
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also contains their mechanical attachments. The 
final step in assembly of the primary propulsion 
system is accomplished by installing the monoprop- 
ellant engine module in a manner similar to that 
used for the tanks. The engine module also contains 
its own method of furnishing thrust vector control, 
(TVC). Swivelling mechanisms could be used for TVC, 
but such devices are quite complex and probably less 
reliable than carbide jet vanes. These are normally 
installed in the throat of the engine and controlled 
by the attitude control system during engine burn to 
maintain guidance of the spacecraft during engine 
burn. Electrical connections for the TVC vanes 
would also be made at the time of engine module in­ 
stallation.
The final step is that of installing the reaction 
control engines. Because these engines can be put 
nearly anyplace on the spacecraft, their installa­ 
tion may require the use of a simplified tubing mod­ 
ule that could easily snap on to other spacecraft 
modules. Then, by adding these tubing modules in 
serial fashion, the gas and/or liquid lines could 
be routed out to wherever the reaction control jet 
was mounted. Expenditure of hydrazine fuel can be 
minimized by allowing the spacecraft to drift free­ 
ly (in some mission^) when not required to maintain 
attitude for antenna pointing, course correction 
manoeuvers, solar array orientation, or other stab­ 
le attitude requirements.
ATTITUDE AND GUIDANCE CONTROL OF AIQ
The attitude control system of the AIO spacecraft 
contains all the necessary optical and inertial sen­ 
sors required to control the reaction engines when 
maintaining or redirecting the attitude of the space­ 
craft. The sensor modules can be highly standard­ 
ized and packaged such as to allow their inclusion 
or elimination, as any particular mission may re­ 
quire. The inertial sensor module contains an int­ 
egrating accelerometer , which is used during any 
primary propulsive thrusting. To obtain the proper 
AV from the thrusting, an appropriate thrust 'count 1 
is transmitted to the spacecraft and stored in a AV 
register. When thrust is developed, the counting 
accelerometer measures and integrates the effective 
thrust and T counts down 1 the number loaded into the 
AV register. When the correct number of effective 
T G counts' has been reached, the register shuts off 
the engine. This method makes the required AV in­ 
dependent of actual mass of the spacecraft, or act­ 
ual thrust level of the engine and its thrust vec- 
'tor alignment. Thus, some of the critical align­ 
ment requirements of the spacecraft have been fact- 
tored out of tne design. Thrust Vector Control (TVC) 
during engine burn consists of lateral axis rate 
gyros driving, in closed loop, ttie jet vanes located 
in tiic engine plume.
OF THE AIO
Tne electronics system contains all the required 
AiU spacecraft circuitry for all signals below the 
frequencies used in the K.F system. This includes 
all power processing and distribution, telemetry en­ 
coding and command decoding, signal processing, opt­ 
ical and inertial sensor signal routing, scientific
data assimilation and auto-diagnostic test circuit­ 
ry. The electronic modules can be standardized to 
a very high degree. Each plug-in module contains 
adequate radiation shielding, all interconnect wir­ 
ing, self homing and locking universal interface 
connectors and any feed-through plumbing that might 
be required for coolant liquid. Spare electrical 
circuits are also included for routing data from 
remotely located sensor modules, science instruments, 
or other remotely located modules. 'Go/No Go 1 cir­ 
cuitry terminates at an easily accessible connection 
on the module. This allows the astronaut to make a 
quick check after assembly before installing tne 
next module.
One of the most important constituents of the elec­ 
tronics system is a Computer/Sequencer, which is 
really the 'brains 1 of the spacecraft. It is cap­ 
able of receiving any program and storing it for 
later use. The^ program may be inserted by the ast­ 
ronauts, or commanded from Earth by RF. The pro­ 
gram may be changed at any time and contains many 
subroutines to control every active system on the 
spacecraft. For extra-Solar system exploratory 
probes, a complete program can be stored which will 
operate the spacecraft for several decades. It can 
direct spacecraft activities by selecting the most 
appropriate program to accomplish any, or all parts 
of a given mission. It monitors all electronic 
modules, and can switch out a 'sick 1 module and 
switch in a substitute, if it determines that sel­ 
ected parameters of that module is not operating 
within proper limits. (It can also do this for it­ 
self, by utilizing a monitoring 'slave* computer 
which can be switcned in as a back up). It can con­ 
duct power management routines, integrate optical 
sensor data and compute navigational errors, or 
even perform midcourse corrections, to maintain the 
proper course. • Such a capability is particularly 
suitable for ultra deep space probes that travel 
out of convenient time range of Earth command.
A special module, tne 'heart' of the spacecraft, is 
used on the AIO to exchange major interconnects. It 
contains connections for the first electronic mod­ 
ule to be installed, an umbilical connection for 
the final check out and for any special relay test 
equipment for use in testing tne spacecraft remote­ 
ly from Earth. Mechanical attachments are fitted 
to this module for tethering the spacecraft to the 
workshop during assembly. Propulsion modules also 
attach to this module.
No external wiring bundles or harnesses are used on 
the uIO spacecraft. All wiring is contained in the 
separate modules. Interconnecting hardware, integ­ 
ral to the mounting face of each module, are used 
to incrementally 'wire up' tne spacecraft. These 
connectors are self horning and aligning. After the 
guide pins of eacn module are lined up and the mod­ 
ule pressed home, a convenient lever on tne exposed 
edge is used to seat all electrical connections, 
'quick connect' used to transport gases, liquids, 
etc. through that module, and any coax or wavegu.i de 
connectors.
ELECTRIC POWER DESIGN OF THE AIO SPACECRAFT
For near-Earth missions, and exploratory probes and
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and laboratories ranging to Jupiter, solar energy 
conversion to electrical power can be provided by 
erecting the necessary area of solar cells needed 
to power any given mission. The AIO approach is 
appropriate for assembling a Solar Power Satellite 3 . 
In this application, a spacecraft assembled in orbit 
is positioned at geosynchronous altitude by its pro­ 
pulsive system, and using large areas of solar cells, 
(possibly several hectares), converts this power to 
microwave energy. This RF power is then beamed to 
Earth via a large parabolic antenna, (for a very 
narrow beam and sharp pointing) , where it is recon­ 
verted to electrical power for domestic distribution. 
The large areas of solar cell arrays are erected 
from handlable plug in modules, as is the large para­ 
bolic antenna. This subject has been thoroughly re­ 
searched in the reference and will not be repeated 
nere.
For missions beyond the range of Jupiter, (and part­ 
icularly out of the Solar system), Radioisotope 
Tnermoelectric Generators (RTGs) are especially ad­ 
aptable. These devices convert heat from an atomic 
source to usable electric energy, and also provide 
heat for keeping various parts of the spacecraft 
sufficiently warm to survive the cold rigours of 
deep space. RTGs can be made small enough to be 
easily handled by a single astronaut for installa­ 
tion. The danger of radiation hazard can be elimin­ 
ated with adequate shielding. RTGs can be 'added 
on f , until their total output exceeds that of the 
maximum spacecraft power demand.
For unmanned spacecraft applications, fuel cells do 
not seem to lend any particular advantage over those 
power sources previously discussed. Batteries are 
used on solar powered spacecraft to maintain power 
continuity at any time the solar array is not Sun 
oriented.
THERMAL CONTROL OF THE AIO SPACECRAFT
No matter what mission is caosen, the thermal design 
of the AIO spacecraft would be totally independent 
of solar radiation. That is, all solar thermal en­ 
ergy is rejected and spacecraft thermal control is 
maintained by nusbanding or radiating to deep space 
the thermal evergy generated within the spacecraft. 
Tnermal protection of the AIO may be difficult dur­ 
ing the assembly period. Temporary blankets can be 
provided, (a la Skylab) , or workshop power can be 
used to heat local f cold spots 1 , until the assembly 
is complete. The spacecraft can theu be powered up 
to supply its own thermal control. Thermal blankets 
which fly with the spacecraft are the last items to 
be installed. For RTG powered missions, heat pipes 
and/or active fluid lines deliver heat from the RTGs 
to the balance of the spacecraft. Excess heat is 
dumped by active or passive radiators, as required. 
Each plug-in module has, to the greatest degree pos­ 
sible, its own thermal control protection. Tubes 
carrying active thermal control fluids are connected 
tfith a quick disconnect similar to those used for 
the propulsion liquid/gas lines, and snap in when 
the module is assembled to the spacecraft.
RF RECEPTION AND TRANSMISSION DESIGN OF THE AIQ
Relatively unlimited size and weight advantages off­ 
er RF design capabilities that cannot be attempted 
in surface launched designs. However, very high 
power transmitters may require an excessive amount 
of raw electrical energy, or low power transmitters 
could require very high gain (large parabolic) ant­ 
ennas. The latter would require a high degree of 
attitude control pointing accuracy, because of very 
narrow beamwidths. Thus, it would be a system de­ 
sign goal of the AIO spacecraft to determine the 
optimum trade-off between the power of the transmit­ 
ter and the aperture (size) of the antenna. One ex­ 
ercise conducted involved the use of a 100 meter 
diameter parabolic antenna operating with an RF 
transmitter of 500 watts at S-band, (2 GHz). Tne 
100 meter diameter antenna has a beamwidth of 0.01° 
and requires the attitude control system to main­ 
tain attitude stabilization to that same accuracy. 
For short periods of time, (limited to avoid unnec­ 
essary burning of reaction control fuel), this fig­ 
ure did not seem to be beyond the present state-of- 
the-art. Assuming a ground receiving antenna rfith 
a figure-of-merit of at least 40 dB, (such as the 
64 meter diameter antenna used at Goldstone, Calif.) 
the system would allow reception of better than 5 
kilobits per second at the range of Pluto! Thus, 
high resolution TV pictures of Pluto's surface 
would be possible. At four times the range of Pluto 
from the Sun, (13 billion miles), a data rate of 1.5 
kilobits per second could be realized. However, 
these ranges strain today's capability to acquire 
and lock onto the received signal.
Another AIO spacecraft requiring a high gain anten­ 
na with a narrow beamwidth is the Solar Power Stat­ 
ion. For this application, a relatively small tar­ 
get on the surface of the Earth must be accurately 
aligned with the satellite's transmitting antenna 
to obtain the highest efficiency of received energy 
and to avoid splashing high energy microwave about 
the countryside. This could be a serious safety 
problem, for microwave is injurious to human, plant 
and animal life.
The large parabolic antenna, (or planar array for 
some applications) , is assembled from snap-together 
modular pieces, 'building block' fashion. Another 
approach uses an inflatable design which employs 
aluminized plastic sheet inflated with a settable 
foam. This approach eliminates detrimental Solar 
effects, (such as paraoolic focus heating and Solar 
Wind disturbance) , by delaying the inflation until 
the spacecraft is at sufficient range to make such 
disturbance negligible. Such structures are light 
enough to be individually guided, if necessary.
Transmitters with output powers much greater than 
500 watts can be provided rather easily. Trans­ 
mitters of 1,000 to 10,000 watts are possible, with 
liquid cooled Travelling Wave Tube Amplifiers, 
(TWTAs) . These transmitters may operate in short 
'bursts' to relay recorded data, or for real-time 
television transmission. Rechargable batteries 
support these short term transmission periods.
Smaller parabolic and 'omni 1 antennas are required 
in some applications for receiving commands during 
early midcourse corrections and out to ranges
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the delay time between Earth and the spacecraft make 
sucu control impractical.
TESTlU^uIREHENTS FOR THE AIO SPACECRAFT
iiy assembling the spacecraft in orbit, we eliminate
tae expensive and time-consuming requirement for sys­ 
tem dynamic testing to simulate launca from trie sur­ 
face uy cuemical rocket. individual modules must 
nevertheless be delivered from tne surface via the 
shuttle to tae assembly point in orbit. iiut nere, 
it is quite easy to pack each module for launcn so 
taat it is isolated from any extreme dynamic environ­ 
ment, aowever, eacn module sees some level of dyn­ 
amic environment from Dotn the Shuttle launch and 
from spacecraft propulsion activities. Thus, eacn 
module design is suojected to qualification testing 
at taose expected levels. Trie advantages of stand­ 
ardization reduces tais type of testing to a non- 
re car ring requirement.
The ,sy,»Lea design of tae AIU spacecraft, for eacn 
configuration, must oe so executed tnat tae entire 
spacecraft can be assembled and functionally tested 
on tae surface of tae Earth. Every plug in module 
must oe saowa to fit properly and be easily assem­ 
bled jefore it is taken to space for its assembly in 
oroit. i1 tiernial/vacuum testing is not conducted at 
tae system level, but individual modules are subject­ 
ed to a taernial-vacuum test. All gas ana liquid con­ 
nections are leak-tested. The monopropellant and re­ 
action control jets are taen operated as a complete 
system. items taat cannot oe assembled in a 10 en­ 
vironment are kept to a minimum. For taese, other 
tests must oe devised to assure taat taey will work 
to specification waea assembled in orbit.
Tae astronauts wao will assemole tae spacecraft in 
oroit will witness all assembly and testing of tae 
spacecraft on iiarta. 1'aeir previous training migat 
include asseuiO 1 y of mo civ-up s while wearing space 
.suits, and underwater zero-G simulation of tne var­ 
ious assembly tasks they will face in orbit.
AIu M/Vi4^niJ/ur i'jAUMiNrJ L) TECHNOLOGIES
lae experience already gained in space can certain­ 
ly t>e oroagat to oear on tae ^10 spacecraft. Past 
unmanned programs are precursors for tae unmanned 
spacecraft systems destined for larger, and more am­ 
bitious p rowings of tne universe. Tae past manned 
programs aave laid tne groundwork for man working in 
space, tne only T factory' large enough to assemole 
un-uanned spacecraft of great size and mass. Togeth­ 
er, tae two technologies can oe teamed to carry man's 
exploration of tae universe into another Historical 
era.
lae uesign of future manned oroiting worKsnops must 
certainly consider tae requirements of assembling 
spacecraft in oruit. i'ue worksaop attitude/reaction 
control systems must oe designed to allow for tae 
additional mass of unmanned spacecraft, as assemoly 
proceeds, wnile still firmly tethered to tae work- 
3iiop. lae worksaop power system must be designed
to supply tae power required to cneck operation of 
tne unmanned spacecraft, as well as battery recharg­ 
ing facility for aand powered tools. The worksaop 
should also provide an area for some simple repair 
jobs, to allow repair of any item damaged during tae 
assembly process. (Of course, it is expected that 
any major damage would require that the item oe re­ 
turned to Earth for tne major repair work required 
which could not be accomplished on tae workshop) .
A tape library is provided for tae various taped 
instructions, (described later), whica migat oe re­ 
quired for tiie various levels of assembly. This al­ 
so includes means for recording new tapes, possibly 
from Earth based control via i\.F link.
Emergency retrieval for any astronaut naving life 
support problems while working on the unmanned AiO 
spacecraft must be provided. This includes a means 
for retrieving spacecraft parts taat migat accident- 
ly drift away from tae reacn of an astronaut during 
assembly. Thermal blankets or active thermal cont­ 
rol methods for tne partially assemoled spacecraft 
are employed.
TriL SriuTTLE DEEIVi^lY SYSTEM
It is not envisioned taat any specific design re­ 
quirements are to oe placed on the Shuttle for tae 
delivery of AiO spacecraft parts and assemblies to 
tae worksaop. All of the various assemolies needed 
are packaged in standard plastic foam containers, 
which are returned to i^arta oy the Shuttle for sub­ 
sequent use. It is a desiga goal to not aave any 
packing materials which, oy taeir nature, are ex­ 
pendible. But if required for some special applic­ 
ation, the material is returned on the. e:..pty Saut- 
tle for disposition on tiie surface. jo packing mat­ 
erial or refuse of any kind is left floating in 
space or taking up room inside the worksaop. in­ 
deed, tne sequence of assembly is designed such as 
to not require that any assembly be taken into tae 
workshop. IN'O additional assembly work in tiie work­ 
shop can be envisioned which could not aave oeen 
done on Earth prior to delivery. unless some ass- 
emoly needs light repair, all items are removed 
from tae Shuttle cargo oay and immediately assembled 
to tiie unmanned spacecraft. if tiie oauttle mission 
precludes tais, (i.e., if tae bauttle must de-oruit 
and return to Earth before tae parts caa oe assem­ 
bled to tiie Alo) , taea some provision is made in 
tae worksaop for a 'bonded stores' area.
Tae Martin-Marietta M-5J9 ' flyiag arm caair' unit',f 
aaving oeen tested on tae Sky lab program, would ae 
of great value in transporting assemblies and mod­ 
ules from tne Shuttle cargo bay to tae assembly 
area and for general transport of the astronauts. 
Adapted for assembly use, tne 'arm cnair' would 
contain pockets for tools, a strap-on racK. for car­ 
rying tae modules to oe assembled, additional life 
support expendibles, temporary taermal shields, etc. 
In any case, assembly astronauts are going to re­ 
quire some method of 'valving' taeir way around.
d(JMAiM FACTORS C0i\iS1D^i<AT 10JS
in considering tae maximum mass taat a single astro-
7-28
naut could handle in zero-G, it is assumed
 that he 
should oe able to aaiidle the equivalent of
 his own 
mass, wiiicn when suited, can be as much as
 250 to 
30U pounds. (This assumption is based on 
the case 
of a stricken astronaut being 'towed 1 to a
 place of 
safety oy nis partner). But to be on the 
safe side 
and still stay wituin practical limits, th
e space­ 
craft modules are kept to something like 5
0 to 75 
pounds apiece. Snould any one assembly mo
dule re­ 
quire a single unit mass of greater than 
this, then 
two astronauts working as a team snould be
 able to 
aandle it in orbital environment. Althoug
h the mod­ 
ules appear 'weightless' in orbit, they s
till have 
mass. Care must oe taken to slow the modu
les down, 
(with the flying arm cnair propulsion or o
ther means) 
as it arrives at its assembly point to pre
vent col­ 
lisions wita the partly assembled spacecra
ft.
rue astronauts are tetnered to the worksno
p at all 
times, .assembly modules are tethered to t
he astro­ 
naut, (or to the flying arm chair, to whic
h the as­ 
tronaut is safety belted) until it is firm
ly att­ 
ached to tne spacecraft. The tether is th
en re­ 
move a from tne module.
ivork periods depend on the particular astr
onaut. 
Mission planners know the length of time 
required to 
fully assemhle and check out the completed
 space­ 
craft to meet tae critical launcn periods.
 Skylab 
missions nave saown taat astronauts were 
ahead of 
taeir work schedules and asking for more c
hores to 
keep taem active. For Earta orbit assembl
y reasons, 
tae assembly supplies will depend on the c
argo of a 
particular Jauttle mission and tne stage 
of develop­ 
ment of tae AiO assemoly at any point in 
time. It 
seems reasonaole that as long as there are
 modules 
in tae cargo aold of tiie Shuttle to be ins
talled, 
eaca astronaut should be able to work at 
least a 3 
uour shift, witn an aoar or 2 off inside 
the work- 
snop oefore beginning ais next shift. Wit
h experi­ 
ence and acclimatization, these times coul
d oe ad­ 
justed accordingly.
^ssemuly astronauts saould be 'rotated 1 t
o r.arta at 
regular iaervals, which is suggested to oe
 at least 
every 8 weeks. Regular medical check ups 
are per­ 
formed and must be passed 100/0 , or tae ast
ronaut is 
'grounded 1 and replaced. While on Earta, 
tae astro­ 
naut is oriefed on tae next phase of asse
mbly and 
reports any difficulties encountered in ti
ie previous 
paase of assemoly.
junag assemoly, each astronaut would carr
y a cass­ 
ette tape playoack device, which feeds dir
ectly in­ 
to ais suit communications equipment. He 
can play 
forward, stop, reverse and replay, but ae 
cannot re­ 
cord or erase. lief ore leaving the worksao
p, the 
astronaut listens to tuis cassette recordi
ng of tiie 
aext procedure and clarifies any misunders
tanding 
ae migat aave. After assembly, tae tape 
is returned 
to tae library and saved for the possible 
eventual­ 
ity of dissassemoly and reassemoly of that
 particu­ 
lar module. One of the astronauts will be
 required 
to play tae role of quality control inspec
tor, as a 
second set of eyes to any assembly procedu
re. This 
assures taat at least two astronauts confi
rm the 
procedure is correct and prevents mistakes
 and poor 
quality work due to 'space rapture', space
 sickness, 
fatigue, etc.
MODULAR DESIGN FOR MAiMED ORBITAL ASSEMBLY
With the personal safety of the astronauts
 always 
in mind, the critical portions of tae desi
ga are 
broken down into convenient 50 to 75 ID. c
hunks. 
These can be handled and assernbleu relativ
ely easi­ 
ly. One problem is the fuel tankage for t
he mono- 
propellant engines. Tiiese are designed as
 individ­ 
ual tanks, man-rated and shaped something
 like tae 
familiar shop acetylene tanks (long cylind
ers). They 
contain the pressurization bladder and are
 fully 
fueled, but not pressurized. They are fit
ted wita 
the necessary quick connect/disconnects. 
A lever 
arrangement allows the astronaut to evenly
 engage 
enough force to seat tae quick connect. T
ae lever 
is part of the tank receiver/manifold and 
would De- 
come part of the tank aold down strap afte
r install­ 
ation.
Large areas, such as the solar panels and 
anteanas 
are built up of convenient 'building block
s' ^hich 
snap together. For taeir own protection d
uring the 
Shuttle flight, sections of the solar arra
y are fold­ 
ed such taat only taeir Dack sides arc exp
osed. 
Wita only two sections per assemoly, they 
are pro­ 
tected from damage of tae active cell area
 until 
they arrive at the assemoly area. aere, i
t is quite 
easy to unfold taem and snap taem iato pla
ce. i'ae 
cell side has a margin around tae edge of 
every pan­ 
el 3 to 4 inches wide for 'finger grip' Ha
ndling.
/ill electric and electronic, modules are si
zed con­ 
sistent wita tae 50 pound rule. iaey aave
 saort 
steel dowels waich matca aoles in the adja
cent face 
of tae mating module. .iatiag faces contai
n all el­ 
ectrical, liquid, or gas connections. uac
e aliened' 
by tae dowels, a lever is thrown 'over cen
ter', 
which seats all connections. -.Vnere practi
cal, Iigat 
emitting diodes (LI^JS), light detecting di
odes (ui)iJs) 
fiore optics, etc. are used to transmit lo
w level 
signals across mechanical iaterfaces. Aft
er -assem­ 
bly, tae'astronaut conducts a 'go/no-go' t
est, des­ 
igned to assure tae module is properly ins
talled, 
before proceeding with tae assemoly of tae
 next mod­ 
ule.
An 'unsafe' module is the ±<TG, wiiica iau.it 
oe design­ 
ed to have adequate shielding to prevent s
ujjecting 
the astronaut to dangerous radiation level
s. xc is 
designed to absolutely assure taat tae mod
ule cannot 
ourst open, even througa improper Handling
, juaca 
RTG module aas fittings allowing mechanica
l and el­ 
ectrical attachment of as many uaits as re
quired 
for a particular mission, waile preserving
 tiie ues- 
igned aeat-flow pata and overall spacecraf
t mass 
properties.
All thermal control blankets are fitted to
 tae 
spacecraft as tae last assembly tas.i. r.n
ca olaiiKet 
has been pre-fit ted and has tae feature of 'saa
poa* 
fittings for easy, yet adequate, attachmen
t, A 
method of aeat-tight sealing must yet oe d
eveloped 
for oroit assemoly of the olankets.
P OS S115 LE Hi S S I OiNl b FO R TiiL AiO S F ACn C I
lAF'i
aissions chosen for the AiO spacecraft are
 those 
which cannot be accomplished wita surface 
launched 
spacecraft. They are as follows:
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illSSIONS TO OTHER STAR/PLANET SYSTEMS'
Missions in this category require great banks of 
RTGs for iieat and power, extremely large antenna 
gains, aigii RF power transmitters, computers pro­ 
grammed to conduct tne entire mission without inter­ 
vention from Earth, long life components designed 
for wide temperature ranges, and a comprehensive 
science experiment complement to make the mission 
cost effective.
OR PLANET ORiUTER INSIDE THE SOLAR SYSTEM
1) Cometary Fly-tiys - These require high propulsive 
manoeuveraoility wita the quantity of fuel necessary 
to perform tne intercept. Tuey also require a large 
science complement, (possibly including real-time 
television) and the necessary RF and electric power 
to support tne mission.
2) Planetary Orbiter Automated Laboratory - This is 
a completely automated orbiting laboratory for tae 
investigation of the planet surface and natural plan­ 
etary satellites. They are particularly adaptable 
to Jupiter, Saturn and tne other outer planets. They 
require RTGs for neat and power, a large science 
compleaient, the necessary RF power and antenna gains 
for high data rates (including television) , and re­ 
programmable sequencer/computer capability. They 
also carry hard or soft-lander prooes for investig­ 
ation of the planet's atmospnere and surface. This 
would require probe data pick up and relay RF equip­ 
ment.
SATELLITES
i; jjomestic Communications - At tiie time of tnis 
writing, 'parking spaces' at geosyncnronous altit­ 
udes are already becoming hard to get. In future, 
it may become necessary to allot one parking space 
per nation, or group of nations (in conjes.ted areas) 
for a domestic applications satellite. Tiius , using 
tiie r\lu concept, a single satellite can oe construc­ 
ted and transferred to synchonous orbit altitude 
under its own power. Tiiis satellite can have enor­ 
mous solar arrays, an array of all the necessary 
antennas, a number of high power RF transmitters 
witu all tae necessary electronics and adequate 
propulsion and fuel to maintain its parking station. 
vVitu regular maintenance by the Space Tug, a prop­ 
erly designed communications satellite can adequat­ 
ely serve tne sponsoring nation(s) for 50 to 60 
years.
2) bolar Power Relay 3 - With fossil fuels and oth­ 
er energy sources rapidly dwindling, it may be nec­ 
essary to convert solar power from geo-synchronous 
orbit and relay it to tartn as convertible micro­ 
wave energy for use as domestic power. This satel­ 
lite can oe constructed in orbit and transferred to 
geo-synchronous orbit by its own propulsive power. 
It includes a gigantic solar array area and nigh RF 
power microv/ave transmitters, a very accurate atti­ 
tude control system for pointing narrow beam para- 
oolic antennas at a very small target, an alarm sys­ 
tem to siiut down tiie microwave transmitters if the 
attitude control fails (to prevent microwave damage 
to life on Lartn) and sufficient fuel for tne atti~
tude/reaction control systems to track the Sun 
through 360° every day. With regular service via 
the Space Tug, this satellite could provide pov/er 
for several decades.
3) Outer Space Communications Relay - In geo-synch­ 
ronous orbit, a large communications relay station 
can be used to track space probes to distant star 
systems and laboratories orbiting the outer and in­ 
ner planets. Employing extremely large, steeraole 
antennas, highly sensitive receivers (in a noise- 
free environment) , RF transmitters for relay to 
Earth or other communications satellites, adequate 
solar arrays for the necessary power, a very sens­ 
itive attitude maintenance system (with necessary 
reaction control fuel) and a long range command re­ 
lay link, this satellite can perform deep space 
mission tasks that cannot be performed from tne sur­ 
face of the Earth.
4) Large Astronomical Observatory 5 - Already, ast­ 
ronomers are complaining that orbiting satellites 
are interfering with their view of the universe. As 
more and more satellites, of ever increasing size, 
are put into.Eartn orbit, the situation can only be­ 
come worse. Tne solution, of course, is to con­ 
struct a Large Space Telescope in orbit, transfer 
it to geo-synchronous orbit by its own propulsive 
system, and view tne stars and galaxies of the uni­ 
verse from an unobstructed vantage point. Very 
large reflecting mirrors with extreme ligat gather­ 
ing power can be constructed in zero-G. . Forming 
and silvering are easier to accomplish in high vac­ 
uum and zero-G than they are on Earth. The satell­ 
ite has adequate solar array area to supply power 
for high resolution real-time television transmis­ 
sion to Earth 24 tiours a day. Hign data rates 
could be used to perform spectrum analyses and ob­ 
tain other scientific data from tne targets. The 
observatory includes a wide-band radio astronomy 
antenna. It could also be used for 24 hour obser­ 
vation of Solar astronomical phenomena.
MANiSIED EXPLORATORY SPACECRAFT
Although this paper has been dedicated to tae con­ 
cept of assembling unmanned spacecraft in Earth or­ 
bit, the technique is equally applicable to manned 
spacecraft. The methods perfected in assembling 
unmanned spacecraft will undoubtedly pave the way 
for the orbit assembly of manned spacecraft in tae 
very near future.
Simple calculations show that tne extreme logistics 
demands of an exploratory manned mission to even 
tne nearest of planets, (Mars and Venus), requires 
great quantities of life support expendibles for 
even a very few men. The food, water and air re­ 
quired for just 3 men for as little as a year 
could preclude tne mission from being launched from 
the surface of the Earth. Taerefore, assembling 
ttie spacecraft, stocking it wita provisions, pre­ 
paring it for fligat and injecting it into a part­ 
icular trajectory can all be accomplished rather 
easily from Eartn orbit.
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